We have used a yeast two-hybrid system to show that human papillomavirus E7 proteins can form oligomeric complexes in vivo. The carboxyl-terminal cysteine-rich metal-binding domain is critical for this activity although amino-terminal sequences also contribute to oligomerization. Our experiments also reveal that E7 possesses an intrinsic transcription activation activity in yeast, which resides in the amino terminus of the protein. ᭧ 1995 Academic Press, Inc. Papillomaviruses are small DNA viruses which infect proteins including the retinoblastoma tumor suppressor epithelial cells and cause the formation of generally beprotein pRB, p107, and p130 (8-13). Complex formation nign hyperplasias or warts. Of the more than 70 different with these cellular proteins is thought to account for human papillomaviruses (HPVs), approximately 20 are many biological properties of high-risk HPV E7 proteins, associated with lesions of the anogenital tract. These including cellular transformation and transcriptional actiHPVs are classified into two groups: ''low-risk'' HPVs vation of the E2F-responsive viral and cellular promoters (such as HPV-6 and HPV-11), associated with genital (reviewed in 14). These biological properties are shared warts (condyloma acuminata), which are at low risk for between high-risk HPV E7, the Ad E1A protein, and the carcinogenic progression, and ''high-risk'' HPVs (such as TAgs of polyomaviruses. As predicted by their functional HPV-16 and HPV-18), associated with squamous intraepsimilarity, the three classes of viral oncoproteins also ithelial neoplasias, which are at risk for carcinogenic share structural similarity (15). The amino-terminal 38 progression. Consistent with this classification, approxiamino acids of E7 are similar to two portions of the Ad mately 80% of all cervical carcinomas contain high-risk E1A and the polyomavirus TAg sequences which include HPVs (reviewed in 1).
Papillomaviruses are small DNA viruses which infect proteins including the retinoblastoma tumor suppressor epithelial cells and cause the formation of generally beprotein pRB, p107, and p130 (8) (9) (10) (11) (12) (13) . Complex formation nign hyperplasias or warts. Of the more than 70 different with these cellular proteins is thought to account for human papillomaviruses (HPVs), approximately 20 are many biological properties of high-risk HPV E7 proteins, associated with lesions of the anogenital tract. These including cellular transformation and transcriptional actiHPVs are classified into two groups: ''low-risk'' HPVs vation of the E2F-responsive viral and cellular promoters (such as HPV-6 and HPV-11), associated with genital (reviewed in 14). These biological properties are shared warts (condyloma acuminata), which are at low risk for between high-risk HPV E7, the Ad E1A protein, and the carcinogenic progression, and ''high-risk'' HPVs (such as TAgs of polyomaviruses. As predicted by their functional HPV-16 and HPV-18), associated with squamous intraepsimilarity, the three classes of viral oncoproteins also ithelial neoplasias, which are at risk for carcinogenic share structural similarity (15). The amino-terminal 38 progression. Consistent with this classification, approxiamino acids of E7 are similar to two portions of the Ad mately 80% of all cervical carcinomas contain high-risk E1A and the polyomavirus TAg sequences which include HPVs (reviewed in 1).
a short portion of conserved region (CR) 1 and the entire The high-risk HPVs encode two oncoproteins, E6 and CR2. The carboxyl termini of the E7 proteins contain two E7, which are consistently expressed in HPV-positive copies of a Cys-X-X-Cys sequence motif which has been cervical cancers (reviewed in 2). In tissue culture, expresimplicated in the binding of zinc ions (16-21; Fig. 1 ). sion of high-risk HPV E6 and E7 induces immortalization Interestingly, the papillomavirus E6 proteins also contain of primary human genital epithelial cells, the normal host similar motifs (16). The spacing between the Cys-X-Xcells of these viruses (3) (4) (5) . Like the oncoproteins of Cys motifs is quite large (29 amino acid residues) in other small DNA tumor viruses-including the adenovithe conserved regions and does not contain the highly rus (Ad) E1A and E1B proteins and the large tumor anticonserved amino acid residues found in typical zinc fingens (TAgs) of polyomaviruses-HPV E6 and E7 exert ger structures. their oncogenic functions at least in part by interacting Mutations in the metal-binding domain of E7 either with and functionally inactivating cellular regulatory prohave no distinguishable biological phenotypes or interteins. The high-risk HPV E6 proteins bind to and inactifere with protein stability (22, 23), suggesting that the vate the p53 tumor suppressor protein by inducing its carboxyl terminus is critical for the structural and funcrapid degradation through the ubiquitin-mediated protetional integrity of the E7 protein (20, 24) . Several studies olysis system (6, 7) . The HPV E7 proteins interact with have suggested that specific biochemical and biological and functionally inactivate a family of structurally related functions are associated with the carboxyl terminus of E7. This sequence is necessary for the abrogation of pRB's nonspecific DNA-binding property (25), for the dis-(18-20). A detailed characterization of this activity was complicated by the fact that mutations in this region often led to decreased protein stability (22, 23) . When expressed in yeast as fusions to the LexA moiety, the carboxyl-terminal E7 mutants encoded stable proteins and were expressed at levels comparable to those of the wild-type LexA-E7 protein (data not shown). We used these mutants in a two-hybrid system, the interaction trap (30) (31) (32) , to analyze oligomerization of E7 in vivo and to examine the molecular determinants that are necessary for oligomerization. Several LexA-E7 fusion proteins, which encode either the wild-type or the mutant forms of HPV-16 E7, were used as baits. Additional baits were constructed encoding previously identified structural and functional domains of HPV-16 E7. These include amino acids 2-20 (CR1 homology domain), 2-37 (CR1/CR2 homology domains), and 38-98 (carboxyl-terminal zinc-binding domain) (Fig. 1) . We found that the E7 protein, when fused to LexA, activates transcription in the absence of an interacting prey (Table 1 ). This intrinsic transcriptional activa- does not lead to a physical disruption of this complex (27, 34, 35) , it can result in the activation of specific E2F-responsive promoters (36). It is therefore an intriguing able to transactivate the Ad E2 promoter when microinpossibility that, under certain conditions, the transcripjected into HeLa cells (29). One study also suggests that tional activation function of E7 may indeed contribute to the carboxyl terminus of E7 contains important determiits biological activity. nants for the immortalization of primary human genital
To evaluate the overall structural integrity and to charkeratinocytes in cooperation with E6 (24). Spectroscopic acterize the carboxyl-terminal mutant E7 baits further, we analyses and biochemical studies have indicated that also generated a prey where a fragment of pRB (amino the carboxyl-terminal, cysteine-rich, zinc-binding domain may be involved in mediating dimer/multimer formation acid residues 371-928) was fused to the B42 activator 
a The yeast strain EGY188 was initially transformed with the URA3 / reporter, pJK103, selected on uracil-deficient glucose plates followed by transformation with bait and prey plasmids (43). One milliliter of overnight culture grown in selective glucose media was washed once in H 2 O and resuspended in 10 ml of selective media with galactose to induce prey protein synthesis. At 12 hr postinduction, liquid b-galactosidase assays were conducted according to standard procedures (44) .
b The b-galactosidase activity was calculated with the following formula: 1000 1 OD 420 nm OD 600 nm 1 vol (ml) 1 time (min) .
c The values were corrected by subtracting the intrinsic transactivation activity of each individual bait in the absence of an interacting prey. The values are given in % of transactivation by wild-type E7, which was arbitrarily set to 100%, and represent averages of three experiments.
sequence. In agreement with a previous study (37), HPVteins had no major defects in protein folding, they were used to analyze the dimerization domain of E7 in more 16 E7 was able to efficiently interact with the pRB prey in this system and as established by our previous biodetail. The HPV-16 E7 baits and the HPV-16 E7 prey shown in Fig. 1 were coexpressed, and protein/protein chemical experiments, pRB binding was mediated by sequences in CR2 (23). The full-length HPV-16 E7 and the interactions were analyzed using the LexAop-lacZ reporter and by coimmunoprecipitation (Table 1 and 2). Expression of the E7 prey was slightly toxic in yeast, in that the cell growth rate was slightly reduced upon Similarly, the deletion of amino acid residues 21 to 24 (16 E7 DDLYC) but not 35 to 37 (16 E7 DEDE) in the induction of prey expression with galactose. This effect was independent of bait protein coexpression (data not context of the full-length E7 protein resulted in a marked decrease in interaction with pRB. The four mutants in the shown). As shown in Table 1 and Fig. 2 , the full-length HPV-16 E7 bait protein can efficiently interact with the carboxyl terminus of E7 were all able to interact with the pRB prey, although at somewhat reduced levels. Most HPV-16 E7 prey. We found that the carboxyl terminus of E7 (amino acids 38-98) was also able to efficiently interstrikingly, the reduced pRB-binding efficiency as a consequence of the mutation of the two cysteine residues in act with the full-length E7 prey (transcription at 59% of wild-type E7; Table 1 ). The 16 E7 2-37 bait also interthe 16 E7 SS58/59 bait protein may indicate that the structural integrity of the E7 protein may be critically deacted at a very low efficiency with full-length LexA E7 (transcription at 11% of wild-type E7; Table 1 ), suggesting pendent on the metal-binding sites in the carboxyl terminus (Table 1) . Interestingly, deletion of the core pRBthat the carboxyl terminus may not be the sole determinant for oligomerization. In agreement with this idea, the binding site in CR2 did not completely abrogate pRB prey binding, possibly supporting some role of the carboxyl two amino-terminal mutants 16 E7 DDLYC and 16 E7 DEDE interacted with the E7 prey at somewhat reduced terminus in pRB binding (28). Although it has been reported that the carboxyl terminus of HPV E7 contains an levels (transcription at 67 and 88%, respectively; Table  1 ). However, the concept that the carboxyl terminus is independent, low-affinity pRB-binding site (28), the HPV-16 E7 carboxyl terminus bait (16 E7 38-98) did not interthe major determinant for dimerization is clearly supported by the observation that three of the four tested act with the pRB prey in our experiments. Similar results were obtained by b-galactosidase (Table 1) and coimmuLexA E7 preys with mutations in the carboxyl terminus (16 E7 SS58/59, 16 E7 R67, and 16E7 S91 of E7) had noprecipitation analyses (Fig. 2) . These results clearly illustrate the high sensitivity and selectivity of this version lost their ability to bind to the E7 prey (no activation of transcription above background level; Table 1 ). Similar of the two-hybrid system.
Since the results with the pRB interaction indicated results were obtained by coimmunoprecipitation analyses (Fig. 2) . Not every mutation in the carboxyl terminus that the carboxyl-terminal mutant LexA-E7 fusion pro-
FIG. 2.
Representative coimmunoprecipitation assays of the LexA-E7 fusion proteins with the E7 prey (top) and the pRB prey (bottom). A 10-ml culture of cells expressing the corresponding hybrid proteins was grown overnight in selective glucose media, washed in water, and grown in selective galactose media for 12 hr. Cells were lysed in breaking buffer (0.1 M NaCl, 50 mM Tris, 0.5% NP-40, 0.1 mg/ml phenymethylsulfonylfluoride, 2 mg/ml aprotinin, 2 mg/ml leupeptin, and 0.7 mg/ml pepstatin, pH 8.0) by vortexing in an equal volume of glass beads (Sigma; 425-600 mm). After centrifugation, the protein concentration of the supernatant was determined by the Bio-Rad assay. An aliquot containing 400 mg of total protein was immunoprecipitated using 5 mg of 12CA5 antibody (BAbCo) directed against the HA epitope in the prey fusion protein. Immunoprecipitated proteins were separated on a sodium dodecyl sulfate-10% polyacrylamide gel and electroblotted to Immobilon P membranes (Millipore). Coimmunoprecipitation of LexA-E7 bait proteins was accomplished using a 1:2000 dilution of a rabbit polyclonal antibody to the LexA portion of the bait (a kind gift of Russ Finley). After incubation with a horseradish peroxidase-linked secondary antibody (Amersham), the baits were detected by enhanced chemiluminescence (ECL kit, Amersham). Although bait and prey plasmids were expressed at approximately equal levels in all of these experiments (not shown), no further efforts were made to allow a quantitative interpretation of the data shown in this figure. interfered with the dimerization/multimerization property not express a stable protein in mammalian cells (23). Although alternative explanations are possible, these reof E7, and 16 E7 G77 strongly interacted with E7 by both b-galactosidase (transcription at 98% of wild-type E7; Tasults are consistent with a model where oligomerization may serve as an indicator for the structural and functional ble 1) and coimmunoprecipitation (Fig. 2) assays. Taken together, these results suggest that the HPV-16 E7 prointegrity of the papillomavirus E7 proteins. The carboxyl termini of the low-and high-risk E7 protein can form oligomeric complexes in vivo. The cysteinerich carboxyl terminus of E7 is the major determinant but teins are highly conserved and found to be functionally interchangeable (38). Thus, it was not surprising that a the amino-terminal CR1/CR2 homology domain of E7 may also contribute to oligomerization.
HPV-6 full-length E7 bait interacted with the HPV-16 E7 prey (data not shown). As with the high-risk HPV E7 proAs summarized earlier, the carboxyl terminus of E7 exhibits a number of interesting biochemical properties tein, the interaction is dependent on carboxyl-terminal sequences since a HPV-6 amino-terminal E7 bait (amino and biological activities. Since alterations in the carboxyl terminus often compromise protein stability, it has not acids 2-36) did not interact with the full-length HPV-16 E7 prey (data not shown). been possible to establish clearly the importance of oligomer formation for the functional integrity of E7. It is
The carboxyl-terminal Cys-X-X-Cys motifs and the 29-amino-acid spacing, which appear too large to form a intriguing to note, however, that the one carboxyl-terminal E7 mutant that maintained the ability to form oligotypical zinc finger structure (20), are conserved in all E7 proteins so far examined and are also present in two meric complexes in this study (16 E7 G77) also retained transforming and transcriptional activities in a previous copies in the papillomavirus E6 proteins (16). Therefore, the E6 protein may also form dimeric/multimeric commutagenic analysis conducted in mammalian cells (23). In contrast, the dimerization-negative mutants 16 E7 plexes. Furthermore, the structurally similar Cys-X-X-Cys domains of E6 and E7 may allow the formation of hetero-SS58/59 and 16 E7 R67 were impaired in their biological activities although they were expressed at similar levels.
meric complexes which might possess interesting biological activities. Although, due to the low intracellular The third dimerization-negative mutant, 16 E7 S91, did 15. Phelps, W. C., Yee, C. L., Münger, K., and Howley, P. M., Curr. Top. levels of these proteins and inadequate immunological Microbiol. Immunol. 144, 153-166 (1989 
